Abstract Aims/hypothesis: The aim of this study was to determine the influence of type 2 diabetes on fibrinolysis by assessing interactions between the regulatory components of fibrinolysis and the fibrin clot, using fibrinogen purified from 150 patients with type 2 diabetes and 50 matched controls. Methods: Clot lysis rates were determined by confocal microscopy. Plasmin generation was measured using a plasmin-specific chromogenic substrate. Surface plasmon resonance was used to determine the binding interactions between fibrin, tissue-type plasminogen activator (t-PA) and Glu-plasminogen; cross-linkage of plasmin inhibitor to fibrin by factor XIII was determined using a microtitre plate assay. Results: Lysis of diabetic clots was significantly slower than that of controls (1.35 vs 2.92 μm/ min, p<0.0001) and plasmin generation was significantly reduced. The equilibrium binding affinity between both t-PA and Glu-plasminogen and fibrin was reduced in diabetic subjects: t-PA, K D =0.91±0.3 μmol/l (control subjects), 1.21± 0.5 μmol/l (diabetic subjects), p=0.001; Glu-plasminogen, K D =97±19 nmol/l (control subjects), 156±66 nmol/l (diabetic subjects), p=0.001. Cross-linkage of plasmin inhibitor to fibrin by factor XIII was enhanced in diabetic subjects, with the extent of in vitro cross-linkage correlating with in vivo glycaemic control (HbA 1c ) (r=0.59, p=0.001). Conclusions/interpretation: These results indicate that impairment of the fibrinolytic process in diabetic patients is mediated via a number of different mechanisms; these may be a consequence of post-translational modifications to fibrinogen molecules, resulting from their exposure to the abnormal metabolic milieu associated with diabetes.
Introduction
The morbidity and mortality associated with diabetes are largely the result of the micro-and macrovascular complications that develop during the disease. Although the relationship between glycaemic control and the development of complications is close [1, 2] , a multitude of pathophysiological processes are likely to be involved, including the haemostatic system [3] , the potential contribution of which is supported by the observation that fibrin is deposited at sites of both micro- [4] [5] [6] and macrovascular [7] damage.
The coagulation and fibrinolytic systems are integrated and highly regulated to maintain the balance between thrombosis and clot lysis, such that vascular patency is preserved whilst providing adequate protection against blood loss. Fibrin deposition may therefore reflect a disruption of this balance, favouring coagulation and fibrin formation. Fibrin clots formed by diabetic subjects have a denser, less porous structure than those formed by healthy non-diabetic subjects [8, 9] (changes which correlate with glycaemic control). Clots from this phenotype have been shown to be more resistant to fibrinolysis, which may result from the clots' influence over the binding, activation and activity of the fibrinolytic proteins [10] [11] [12] . This resistance could result in the enhanced deposition of fibrin within the vascular tree of diabetic subjects, promoting the development of micro/macrovascular disease [13, 14] .
We used fibrinogen purified from patients with diabetes, as opposed to plasma or in vitro glycation methods used previously, to investigate whether diabetes influences the fibrinolytic process and to examine the potential mechanisms involved.
Subjects and methods

Subjects
Type 2 diabetic subjects (n=150) were recruited through the Diabetes Centre at Leeds General Infirmary. Age-and sex-matched control subjects (n=50) were recruited from the Leeds Health Authority Family Health Service Register [9] . All subjects were White and of northern European origin, and gave informed consent according to a protocol approved by the Leeds Teaching Hospitals Research Ethics Committee. Patients with microvascular complications (history of ophthalmologic intervention to treat retinopathy in the past, background/proliferative retinopathy on examination of dilated fundi at recruitment, or proteinuria/ microalbuminuria on analysis of urine samples provided at recruitment) and/or macrovascular complications (presence of vascular bruits, abnormal peripheral pulses, ECG changes indicative of coronary artery disease at recruitment, or history of coronary artery disease, cerebrovascular disease or peripheral vascular disease) were excluded from the study. None of the subjects was taking oral anticoagulants or aspirin.
Blood sampling
Venous blood was taken between 08.00 and 10.00 h, following an overnight fast, into siliconised tubes containing 15 IU/ml lithium heparin for purification of fibrinogen, or EDTA for HbA 1c measurement (using a Glycomat autoanalyser; Ciba Corning, Halstead, UK; reference range 4.5-6.5%). Samples for fibrinogen purification were centrifuged within 1 h (2,540 g for 20 min) at room temperature to obtain platelet-poor plasma, which was separated, frozen in liquid nitrogen, and stored at −40°C.
Fibrinogen purification
Fibrinogen was purified from plasma of subjects by IF-1 affinity chromatography, as described previously [9] .
Factor XIII purification Human factor XIII (FXIII) was purified from outdated platelet-poor plasma by ammonium sulfate precipitation and gel filtration, as previously described [15] .
Modifications to fibrinogen molecules associated with poor glycaemic control The extent of fibrinogen glycation was determined using a modified fructosamine assay of samples purified from 20 diabetic subjects and 20 matched controls [16] . Fibrinogen samples were concentrated to 8 mg/ml, then dialysed into 0.01 mol/l NaH 2 PO 4 , 0.14 mol/l NaCl, pH 7.4 for 3 h at 4°C. Each sample (100 μl) was added to 1 ml of 0.1 mol/l NaHCO 3 , pH 11.5, containing 0.25 mmol/l nitroblue tetrazolium, and incubated at 37°C. Absorbance at 530 nm was measured at 10 and 30 min using an SP75 UV/Vis Spectrophotometer (Sanyo, Loughborough, UK), and the proportion of the glycated fibrinogen present in each sample was expressed as a function of a sample's capacity to reduce the chromogenic substrate nitroblue tetrazolium compared with the reducing activity of the reducing agent dimethylfructosamine at standardised concentrations.
Mass spectrometric analysis of fibrinogen chains
The mass of each fibrinogen chain (Aα-, Bβ-and γ-) was determined for fibrinogen purified from ten diabetic and ten matched control subjects. Individual fibrinogen chains were separated as previously described [17] . Samples were analysed on a quadruple time-of-flight orthogonal acceleration mass spectrometer equipped with nano-electrospray ionisation (Micromass, Manchester, UK). Samples were dissolved in 1:1 (v/v) aqueous methanol with 0.5% (w/v) formic acid. Positive ionisation was used for the sample analyses, with a capillary voltage of 900 V and a sampling cone voltage of 40 V. Nitrogen was employed as the drying gas. The microchannel plate detector was set at 2,700 V. Data were acquired over the appropriate m/z range and spectra processed using the MassLynx software (Waters, Elstree, UK ). The m/z spectra were converted into true molecular mass using maximum entropy. The spectra were calibrated using horse heart myoglobin (M r 16,950.5) as reference material; a mass accuracy of 0.01% was expected.
Fibrinolysis
Lysis rates of fibrin clots formed from fibrinogen (1 mg/ml) purified from 25 randomly selected diabetic and 25 matched control subjects, FXIII (22 μg/ml), human α-thrombin (American Diagnostica, Stamford, CT, USA) (1 U/ml) and CaCl 2 (5 mmol/l) were assessed by confocal microscopy as described previously by Collet et al. [12] . Lysis buffer (10 μl), containing tissue-type plasminogen activator (t-PA) (5 μg/ml) and Glu-plasminogen (210 μg/ ml) (both from Technoclone, Vienna, Austria) in 140 mmol/l NaCl, 50 mmol/l Tris, pH 7.4 (Tris-buffered saline, TBS), was applied to the lower edge of the clot. After 15 min incubation in a moist atmosphere, the clot edge was visualised using a Leica TCS SP-2 laser scanning confocal microscope (Leica Microsystems, Heidelberg, Germany). Clots were scanned at low magnification to generate images that were obtained using a standardised format; 100×100×20 μm, with ten optical sections collected at z-intervals of 2 μm. The images were analysed using the Leica image analysis software. The distance of the lysis front from a fixed point was measured at different time points. Lysis front velocity was determined at six different sites along the lysis front, and used to calculate the mean overall lysis rate in μm/min.
Cross-linkage of plasmin inhibitor to fibrin/fibrinogen Plasmin inhibitor (PI) is cross-linked to fibrin by activated factor XIII (FXIIIa), enhancing resistance of the clot to lysis. We assessed whether PI incorporation was altered in subjects with type 2 diabetes using a method modified from that described by Schröder and Kohler [18] . Microtitre plates were coated with 80 μg/ml fibrinogen (a concentration at which it has been shown to adopt a solution-like conformation [19] ). Control experiments were undertaken to ensure that no difference in the coating efficiency of fibrinogen or the generation of fibrin existed between the two groups. Plates were incubated with PI (Merck Biosciences, Nottingham, UK) (10 μg/ml), α-thrombin (1 U/ml), CaCl 2 (5 mmol/l) and FXIII (22 μg/ml). The reaction was stopped after 1 and 50 min by the addition of 200 mmol/l EDTA (200 μl EDTA-100 μl reaction mixture). Plates were washed twice and incubated with goat anti-human PI peroxidase-conjugated IgG (Enzyme Research Laboratories, Lafayette, IN, USA) and developed with o-phenylenediamine dihydrochloride. Increase of absorbency at 490 nm was monitored using an MRX microplate reader (Dynex Technologies, Ashford, UK) until the fibrin standard (Merck) reached an absorbency of 0.7 to 0.8, when the reaction was stopped by the addition of 1.5 mol/l sulfuric acid and a final reading made. The quantity of PI cross-linked to the fibrin was calculated from the mean change in absorbance for each sample, expressed as a fraction of that cross-linked to the fibrin standard present on each plate over the same time interval.
As FXIII has also been shown to cross-link PI to circulating fibrinogen in vivo [20] , western blot analysis was undertaken to determine the extent to which PI had been cross-linked to the fibrinogen prior to its purification. Fibrinogen was subjected to SDS-PAGE gel analysis under reducing conditions, with gels cast at a polyacrylamide concentration of 8% (bis-acrylamide ratio 1:35.5) in 1.5 mol/l Tris-HCl. Gels were immunoblotted for PI with goat anti-human PI peroxidase-conjugated IgG using standard methods with 3,3′,5,5′-tetramethylbenzidine substrate (Sigma-Aldrich, St Louis, MO, USA). Images were obtained using Kodak Image Station 2000R (Eastman Kodak, New Haven, CT, USA). Protein-band density was analysed using Kodak 1D Image Analysis Software, and results were expressed as a fraction of the density of a reference PI sample (50 μg/ml) loaded onto each gel.
Cross-reactivity of the antibody with fibrinogen was tested on dot-blots with recombinant wild-type fibrinogen.
Plasminogen activation
The rate of plasmin generation by t-PA at the fibrin surface was determined using a method modified from that described by Bobbink et al. [21] . Microtitre plates were coated with 80 μg/ml fibrinogen in TBS for 40 min at room temperature then blocked with TBS containing 3% BSA and 0.01% Tween for 90 min at 37°C. Plates were washed with 50 mmol/l Tris, 110 mmol/l NaCl, 0.01% Tween, pH 7.4, then incubated with α-thrombin (1 U/ml) and CaCl 2 (5 mmol/l) in 50 mmol/l Tris-HCl, 110 mmol/l NaCl, pH 7.4, for 45 min at room temperature, then washed with 1 mol/l NaCl, 50 mmol/l Tris, pH 7.4, and again with lowsalt wash buffer. t-PA (50 μl; 1, 2.5, 5 and 10 nmol/l) in blocking buffer was added, and incubated for 90 min at 37°C, following which the wells were washed with TBS. Plasminogen activation was initiated by the addition of 600 nmol/l Glu-plasminogen in 50 mmol/l Tris, 110 mmol/ l NaCl, pH 7.4. Plasmin activity was detected by measuring the hydrolysis of 0.8 mmol/l plasmin-specific chromogenic substrate S-2251 (Chromogenix, Epsom, UK) at 37°C over 60 min. The quantity of plasmin generated (mg/l) was determined using the change in absorbance over 60 min.
Surface plasmon resonance
The interaction of fibrin with Glu-plasminogen and t-PA was analysed in real time by surface plasmon resonance (SPR) using fibrinogen purified from 15 randomly selected diabetic subjects and 15 matched controls, using a Biacore 3,000 system (Biacore, Stevenage, UK). Fibrinogen was covalently attached to activated carboxymethyl dextrancoated biosensor chips (CM5) by amine coupling, using the manufacturer's recommended protocol, to yield approximately 1,000 resonance units (RU). α-Thrombin (1 U/ml) in 140 mmol/l NaCl, 10 mmol/l HEPES, pH 7.4, was passed over the sensor chip surface at 2 μl/min for 45 min to convert coupled fibrinogen to fibrin, following which the sensor surface was regenerated with 1 mol/l NaCl, 10 mmol/l HEPES, 0.005% (w/v) P20, pH 7.4 (injection volume 90 μl, flow-rate 30 μl/min). The subsequent reduction in refractive index (reflecting fibrinopeptide cleavage) was identical for fibrinogen purified from diabetic and control subjects. Association/dissociation of the analytes (t-PA or Glu-plasminogen) and ligand (fibrin) was reflected by changes in refractive index.
t-PA
Binding experiments were performed at 25°C in 140 mmol/l NaCl, 10 mmol/l HEPES, 0.005% (w/v) P20, pH 7.4. t-PA (40 μl) was passed over the sensor chip surface at 10 μl/min (contact time 4 min) to achieve equilibrium, followed by a dissociation time of 3 min to allow re-equilibration between sensor surface and running buffer. The sensor surface was regenerated with 1 mol/l NaCl, 10 mmol/l HEPES, 0.005% (w/v) P20, pH 7.4 (contact time 3 min), after which it was re-equilibrated with running buffer for 5 min. The association of t-PA with fibrin was assessed over a defined concentration range (31.25-2,000 nmol/l). Association/ dissociation of t-PA and fibrin, following subtraction of the reference cell signal (which was activated and blocked in the absence of ligand) and that for zero concentration of t-PA (i.e. double subtraction), was assessed using BIA evaluation kinetics software (Biacore). The analysis was repeated at least six times for each sample.
Glu-plasminogen
Binding was performed at 25°C in 140 mmol/l NaCl, 10 mmol/l HEPES, 2.5 mmol/l benzamidine, 0.005% (w/v) P20, pH 7.4. Glu-plasminogen (90 μl) was passed over the sensor surface at 30 μl/min (contact time 3 min), followed by a dissociation time of 3 min. The sensor surface was regenerated with 2 mol/l MgCl 2 , 10 mmol/l HEPES, pH 7.4 (contact time 3 min) after which it was re-equilibrated with running buffer for 5 min. The association of Glu-plasminogen with fibrin over a defined concentration range (31.25-1,000 nmol/l) was determined. Association/dissociation of Glu-plasminogen and fibrin was recorded and double subtraction applied (as described above). Binding analysis was repeated at least six times for each sample over the defined concentration range.
Data were fitted to a 1:1 ligand-binding model to establish the overall affinity constant (K D ) for the interaction between Glu-plasminogen and t-PA with fibrin. The 1:1 (Langmuir) binding model employing kinetic analysis in BIA evaluation kinetics analysis software was used to give an overall affinity for binding of Glu-plasminogen with fibrin as equilibrium was not reached at the end of the association phase of these two proteins. The association phase of t-PA with fibrin reached equilibrium; therefore affinity analysis, rather than kinetic analysis, was employed to establish the equilibrium dissociation constant K D for this interaction. Mass transfer limitations may influence kinetic analysis (but not affinity analysis); however, no evidence of mass transfer limitation of Gluplasminogen binding to fibrin was found.
Statistical analysis
Data were tested for conformity to the normal distribution using Kolmogorov-Smirnov analysis. Data were not normally distributed, and non-parametric tests were used. The Spearman correlation was used to investigate associations between lysis rates and cross-linkage of PI, plasmin generation and HbA 1c . Differences in t-PA and Gluplasminogen binding, and plasmin generation, were compared using the Mann-Whitney U test. Statistical significance was taken as p<0.05 and all analyses were performed with Statistics Package for Social Scientists for Windows, version 11.5 (SPSS, Chicago, IL, USA).
Results
Subject characteristics
Diabetic and control subjects were matched for age, sex and smoking habits (Table 1) . Whilst significant differences existed between the two groups for a number of clinical parameters, none of these (with the exception of fasting glucose levels and HbA 1c ) had a significant effect on the parameters assessed. Fructosamine assay
The fructosamine content of each fibrinogen sample (indicating the extent of glycation) was significantly correlated with the subjects' glycaemic control (as assessed by HbA 1c ) (Fig. 1) .
Mass spectrometric analysis of separated fibrinogen chains
Mass spectrometric analysis of the mean molecular masses of the Aα-, Bβ-and γ-chains were in agreement with the predicted values of 66,132, 54,195 and 48,385 Da, respectively [17] . Analysis of the Bβ and γ-chain masses showed that each chain had two distinct components differing in mass by ∼280-295 Da, a heterogeneity thought to result from the loss of the terminal sialic acid residue (mass 291 Da) (partial desialylation) from the oligosaccharides attached to these chains [17] . Quantification of the percentage of desialylation of the Bβ and γ-chains revealed no difference in the sialylation status of both Bβ and γ-chains between diabetic and control subjects. There was no significant difference in the mean mass of Aα-chains purified from diabetic and control subjects; however, the mean mass of the predominant isoforms of the Bβ and γ-chains was significantly greater in the diabetic subjects ( Table 2 ). The increase could be accounted for by individual glucose molecules (molecular mass 162) and their subsequent modification by other processes, such as oxidation/reduction or dehydration. The smaller difference observed in the Aα-chain may have arisen due to the heterogeneity of the Aα-chain, which is more susceptible to proteolysis.
Lysis rates
The lysis front velocity of fibrin clots formed from fibrinogen purified from diabetic subjects (n=25) was significantly slower (1.35±0.37 μm/min) than that of clots from control subjects (2.92±0.57 μm/min) (p<0.0001, n=25) (Fig. 2 ). There was a significant negative correlation between clot lysis rates and chronic glycaemic control (HbA 1c ) (r=−0.83, p<0.0001) and fasting plasma glucose (r=−0.72, p<0.0001).
Incorporation of plasmin inhibitor by FXIII cross-linkage
Cross-reactivity between the antibody to PI and fibrinogen was excluded by dot-blots using recombinant fibrinogen (Fig. 3) . The FXIII-induced cross-linkage of PI to fibrin (assessed in the microtitre plate assay; ratio PI cross-linked to sample:PI cross-linked to standard fibrin) was significantly greater in diabetic subjects (1.14±0.02 [mean±SEM], n=150) than controls (0.95±0.01 [mean±SEM], n=50) (p<0.0001), with the extent of PI incorporation being significantly correlated with the subjects' chronic glycaemic control (HbA 1c ) (r=0.587, p=0.001) (Fig. 4) and fasting plasma glucose levels (r=0.52, p=0.001). The interand intra-assay CVs for the assay were 4.1 and 5.7%, respectively.
PI may be cross-linked to fibrinogen prior to fibrin clot formation. Quantification of PI present in fibrinogen purified from all subjects at baseline by western blot analysis showed that a ∼133-134 kDa band was present for each reduced fibrinogen sample (Fig. 5a,b) , which was thought to represent PI (molecular mass ∼67 kDa) crosslinked to the γ-chain of fibrinogen (molecular mass ∼66 kDa). This was confirmed by repeating the western blot analysis using a monoclonal antibody against the fibrinogen Aα-chain (Mouse anti-fibrinogen Aα290-348/349-406 IgG; Accurate Chemical and Scientific, New York, USA), which co-localised to the same position on the membrane (Fig. 5c ). There was, however, no significant difference in the extent to which PI was crosslinked into the fibrinogen prior to its purification from the two groups of subjects.
Plasmin activation
Possible mechanisms underlying the impaired lysis of purified fibrin clots formed by diabetic subjects were investigated. Generation of plasmin at the surface of fibrin produced from fibrogen purified from diabetic (n=150) and control subjects (n=50) was compared. The inter-and intraassay CVs for the assay were 6.9 and 3.9%, respectively. The quantity of plasmin generated was significantly greater in control than diabetic subjects for each concentration of t-PA (Fig. 6) , and was negatively correlated with chronic glycaemic control (HbA 1c ) (r=−0.46, p=0.001) and fasting plasma glucose levels (r=−0.53, p=0.001). Fig. 1 Scatter plot of the fructosamine content of each purified fibrinogen sample purified against the corresponding HbA1c for each subject, indicating the correlation between HbA1c and fructosamine content of the purified fibrinogen (r=0.79, p<0.0001) t-PA and Glu-plasminogen binding
We further assessed whether the impaired plasmin generation resulted from altered binding of t-PA and Gluplasminogen to the fibrin of diabetic subjects using SPR. Preliminary experiments demonstrated that no t-PA or Gluplasminogen bound to fibrinogen prior to its conversion to fibrin, reflecting the presence of cryptic binding sites within the fibrinogen molecule, sites that are only exposed following its conversion to fibrin. The fibrin immobilised on the sensor-chip-bound t-PA and Glu-plasminogen in a dose-dependent manner (Fig. 7) . The calculated K D values for the interactions between t-PA and Glu-plasminogen and fibrin revealed significant differences in the binding of t-PA and Glu-plasminogen to fibrin from each group. The binding of both t-PA and Glu-plasminogen to fibrin in diabetic subjects (K D 1.21± 0.3 μmol/l and 156±34 nmol/l, respectively, [mean±SD]) was significantly reduced compared with that in controls (K D 0.91±0.2 μmol/l and 97 ±10 nmol/l, p=0.001).
Discussion
Type 2 diabetes is associated with an impairment of the fibrinolytic process, characterised by prolongation of ex vivo clot lysis times and elevated circulating levels of both plasminogen activator inhibitor type 1 (PAI-1) and t-PA [22] . Fibrinolysis is dependent upon the generation of plasmin at the clot surface, and although it is generally held that elevated PAI-1 is responsible for the suppression of fibrinolysis in diabetes, activation of plasminogen by t-PA does in fact occur on the clot surface, largely protected from the inhibitory effects of PAI-1. Fig. 2 Representative three-dimensional reconstruction images from control (a-c) and diabetic (d-f) subjects illustrating dynamic progression of lysis fronts observed by confocal microscopy (100×100×20 μm). Progression of the lysis front after 0 (a, d), 10 (b, e) and 20 min (c, f), respectively. Fibrin clots were formed from purified fibrinogen (1 mg/ml), FXIII (22 μg/ml), α-thrombin (1 U/ml) and CaCl 2 (5 mmol/l). Lysis was induced by application of 10 μl of a solution of t-PA (5 μg/ml) and Glu-plasminogen (210 μg/ml) Fig. 3 Dot-blot analysis to assess non-specific binding of antibody against PI to fibrinogen. 1 PI (50 μg/ml); 2 recombinant fibrinogen (100 μg/ml); 3 fibrinogen purified from a diabetic subject (100 μg/ml); 4 fibrinogen purified from control subject (100 μg/ml). There is no evidence of cross-reactivity between the antibody generated against PI and fibrinogen; the antibody bound to the fibrinogen purified from diabetic and control subjects therefore reflects PI cross-linked to the fibrinogen molecules in vivo by FXIII The fibrin clot is not a passive substrate: it is centrally involved in both the activation and regulation of fibrinolysis, enhancing the activation of plasminogen by t-PA by at least three orders of magnitude [23] . Fibrin polymerisation exposes t-PA and cryptic plasminogen-binding sites within the fibrinogen molecule [24] ; it is the lysine residues present at these sites that are of key importance for mediating the binding interactions between these proteins, enabling the formation of a ternary complex between t-PA, plasminogen and fibrin that potentiates the generation of Fig. 6 Concentration of plasmin generated at the surface of fibrin purified from diabetic (n=150) (grey line) and control subjects (n=50) (black line) at increasing concentrations of t-PA. One milligram per litre plasmin equates to 10 nmol/l. Values are mean±SEM Fig. 4 Correlation between FXIII-induced cross-linking of PI to fibrin prepared from fibrinogen purified from diabetic and control subjects (assessed by microtitre plate assay) and glycaemic control (HbA 1c ). Cross-linking was expressed as the relative amount of PI incorporated compared with a standard purified fibrinogen. Regression analysis showed r=0.59, p<0.0001 Fig. 5 Examples of western blot analysis of reduced fibrinogen purified from diabetic (a) and control (b) subjects immunoblotted with antibody against PI, and against Aα-chain of fibrinogen (c). a,b: lane 1, molecular mass (MM) marker; lane 2, PI (50 μg/ml) (non-reduced); lanes 3-6, reduced purified fibrinogen (0.5 mg/ml). c: lane 1, MM marker; lane 2, PI (50 μg/ ml) (non-reduced); lanes 3 and 4, reduced purified fibrinogen (0.5 mg/ml) from diabetic subjects; lanes 5 and 6, reduced purified fibrinogen (0.5 mg/ml) from control subjects. a,b Purified non-reduced PI is shown as monomer (MM ∼67 kDa) and dimer (MM ∼134 kDa). The single band (by coincidence molecular mass also about 133-134 kDa) present in purified reduced fibrinogen samples appears to indicate PI cross-linked to Aα-chain of fibrinogen by FXIII (combined MM~133-134 kDa). This is confirmed (c), where the Aα-chain of fibrinogen is present at ∼133-134 kDa location. Closed arrows, PI cross-linked to fibrinogen Aα-chain; open arrows, PI control plasmin by t-PA. New carboxy-terminal lysine residues (additional plasminogen/t-PA binding sites) are also generated within the fibrin network by the actions of plasmin [25] , mediating a positive feedback mechanism to upregulate the lytic process. This process is, however, regulated by the actions of thrombin activatable fibrinolysis inhibitor (TAFI), which following its activation by the thrombin-thrombomodulin complex cleaves these plasmin-generated carboxy-terminal lysine residues from the fibrin clot (Fig. 8) .
We used a purified protein system to investigate the PAI-1-independent effects of type 2 diabetes on the fibrinolytic process. Our data indicate that clots formed from fibrinogen purified from diabetic subjects are more resistant to plasminolysis than those formed by controls, and that this results from changes in a number of key regulatory stages in the fibrinolytic process. We showed that the binding of Fig. 7 SPR analysis of the binding of plasminogen and tPA to fibrin. a Example of the affinity analysis of the binding of Glu-plasminogen to the immobilised fibrin surface using SPR (concentrations of Gluplasminogen: 1,000 nmol/l, dark green line; 500 nmol/l, brown line; 250 nmol/l, dark blue line; 125 nmol/l, light blue line; 62.5 nmol/l, light green line; 31.25 nmol/l, red line). b Increasing concentrations of t-PA were flowed over the immobilised fibrin surface, and the association/dissociation was monitored in real time by monitoring the respective changes in the resonance signal (response) (results of three independent runs for each concentration are shown) (concentrations of t-PA: 2,000 nmo/l, brown line; 100 nmol/l, dark blue line; 750 nmol/l, light grey line; 500 nmol/l, purple line; 250 nmol/l, sky blue line; 125 nmol/l, dark grey line; 62.5 nmol/l, green line; 31.25 nmol/l, pink line). c Affinity analysis (response signal reached at equilibrium for each t-PA concentration against t-PA concentration) was used to calculate the affinity constant (K D ) for the binding interaction both t-PA and plasminogen to fibrin (an event essential for fibrin to fulfil its role as a cofactor in the promotion of plasminogen activation by t-PA) is impaired in diabetic subjects, and that there is a corresponding reduction in the generation of plasmin compared with control subjects.
Regulation of the fibrinolytic process occurs at a number of stages, which include inhibition of both plasminogen activation (PAI-1) and plasmin activity (PI, α2-macroglobulin) (Fig. 8) . During coagulation, PI becomes crosslinked to lys303 within the αC-domain of fibrin by FXIIIa [26] , with its inhibitory effect being directly proportional to the concentration that is cross-linked [27] . Our results indicate that the FXIIIa-catalysed cross-linkage of PI to fibrin is enhanced in diabetic subjects, which would serve to increase clot resistance to plasminolysis. The mechanism which leads to this increase in cross-linkage is unclear, but may result from alterations in the structure of the fibrin (ogen) molecule that act to enhance the cross-linking reaction itself, or to promote the activation of FXIII by thrombin [28] . Western blot analyses did, however, indicate that the differences in clot lysis and plasmin generation between diabetic and control subjects were not due to differences in the quantity of PI that had become cross-linked to (and as such co-purified with) fibrinogen in vivo.
Previous studies have demonstrated that fibrin clots formed by diabetic subjects have a denser, less porous structure than those formed by healthy controls [8, 9] ; whilst clot structure has been shown to influence its susceptibility to fibrinolysis [10, 12] , modification to the structure/function of individual fibrin molecules comprising the clot could also influence its lytic susceptibility, because of their intimate involvement in the activation and regulation of the fibrinolytic process. The persistent hyperglycaemia that occurs in diabetes is associated with enhanced protein glycation, the extent of which is dependent upon ambient glucose levels and the biological halflife of the protein [29, 30] : analysis of the fibrinogen purified from 40 diabetic and control subjects using the fructosamine assay confirmed the occurrence of fibrinogen glycation in vivo. Poor glycaemic control is, however, associated with complex metabolic derangements in addition to hyperglycaemia, such as oxidative and carbonyl stress [31] , which may also alter the structure of the fibrinogen molecule [32] as indicated by the results of the mass spectrometric analysis. The increase in the mean mass of individual Bβ-and γ-chains of fibrinogen purified from diabetic subjects compared with those purified from controls was not an exact multiple of that of individual glucose molecules, but rather a mixture of their subsequent complex modifications by oxidation/reduction and dehydration, although heterogeneity of plasma purified fibrinogen may have also contributed.
The free ɛ-amino groups of lysine residues are the predominant sites for glucose attachment within protein molecules [29] , and as such their modification (through glycation and subsequent oxidation, dehydration, etc.) may (by altering their functional properties) contribute to the reduced fibrinolytic susceptibility of the fibrin clot, given their central role in the fibrinolytic process. Previous studies utilising fibrinogen glycated in vitro have demonstrated that glycation reduces the susceptibility of fibrin to plasmin degradation [33] and interferes with the specific fibrinolytic enzyme-substrate interaction [21] . In the study by Bobbink et al. [21] modification of fibrinogen lysine residues by acetylation and carbamylation resulted in the complete resistance of fibrin to plasminolysis. The qualitatively similar effects of glycation and these other manipulations suggest that chemical modification of lysine amino groups is responsible for the defects produced by hyperglycaemia. The process of in vitro glycation is, however, non-physiological, and may result in glycation at more sites per molecule or at a different profile of sites than would occur in vivo [34, 35] , and as such the behaviour of fibrinogen may differ from that of fibrinogen glycated in vivo. Our study is the first to analyse the fibrinolytic process using fibrinogen purified from diabetic subjects, and has therefore addressed this issue by using fibrinogen that was glycated in vivo.
In summary, fibrinogen purified from subjects with type 2 diabetes generates a fibrin structure that is resistant to the Fig. 8 Simplified schemata of the processes of coagulation and fibrinolysis. Thrombin (IIa) is formed from prothrombin (II) by the prothrombinase complex (factors Xa, Va, calcium and phospholipid membrane) generated from activation of the intrinsic and extrinsic coagulation pathways. Thrombin cleaves fibrinopeptides from fibrinogen to form fibrin monomers, which polymerise to form the fibrin clot, which is then stabilised by cross-links formed by FXIIIa (activated by IIa). Plasmin is generated from plasminogen by the actions of t-PA, a reaction that is enhanced by the binding of plasminogen and t-PA to binding sites on the fibrin molecules, which are exposed following its polymerisation. The activity of t-PA is inhibited by PAI-1. PI inhibits fibrinolysis by inhibiting the binding of plasminogen to fibrin, and directly inhibiting the activity of plasmin. Plasmin is also inhibited by α2-macroglobulin (α2-MG). Activated TAFI (TAFIa) inhibits the action of plasmin to upregulate fibrinolysis by cleaving the carboxy-terminal lysine residues generated within the fibrin clot by plasmin actions of the fibrinolytic system. This is due to decreased binding of t-PA and plasminogen to fibrin, increased PI cross-linking, and diminished plasmin generation on the clot surface. This concatenation of events contrives to further intensify the prothrombotic and anti-fibrinolytic milieu characteristic of type 2 diabetes and may have a role in increasing vascular risk in this group. Future work needs to be directed at understanding the specific sites influenced by post-translational modifications that are responsible for the changes described in this study. This might allow the development of targeted disruption of these processes to ameliorate some of the deleterious effects on thrombotic risk of the metabolic changes associated with type 2 diabetes.
